Hydrogen adsorption on graphene-supported metal clusters has brought much controversy due to the complex nature of the bonding between hydrogen and metal clusters. The bond types of hydrogen and graphene-supported Ti clusters are experimentally and theoretically investigated. Transmission electron microscopy shows that Ti clusters of nanometer-size are formed on graphene. Thermal desorption spectroscopy captures three hydrogen desorption peaks from hydrogenated graphene-supported Ti clusters. First principle calculations also found three types of interaction: Two types of bonds with different partial ionic character
Introduction
The unique nature of metal clusters and two-dimensional materials have advanced the field of materials science; however, a fundamental understanding behind scientific phenomena related to such materials often leads to further questions. 1, 2 Utilizing metal clusters and two-dimensional materials results in functional materials that possess outstanding physical and chemical properties. [3] [4] [5] Two-dimensional materials like graphene are found to be good substrates for supporting metal clusters due to their chemical stability and high surface to volume ratio. [6] [7] [8] Graphene-supported metal clusters show high reactivity which leads towards applications in the fields of catalysis and energy storage. [9] [10] [11] The chemistry of metal clusters on graphene involves complex bonding between metal clusters and gas molecules when gases such as hydrogen are introduced, resulting in difficulty of experimental measurements and analysis. In particular, hydrogen adsorption on graphene-supported metal clusters often leads to controversial arguments over how hydrogen is adsorbed, whether the hydrogen adsorption takes place on the metal clusters or on defect sites of graphene, whether spillover effects occur, and what types of bonds between hydrogen and metal are formed. Experimental studies report multiple hydrogen desorption peaks, and the hydrogen desorption properties are difficult to reproduce. 7, 8, [12] [13] [14] In order to achieve a fundamental understanding of the interactions between hydrogen and graphene-supported metal clusters, first principle calculations and experimental measurements are performed. In particular, Ti clusters when combined with graphene are predicted to be a particularly suitable material for hydrogen adsorption with range of 3.6 wt% to 7.8 wt% hydrogen uptake. [15] [16] [17] [18] [19] Therefore, in this paper the interactions between hydrogen and graphene-supported Ti clusters are theoretically and experimentally explored.
Materials and methods
SiC and Cu substrates are implemented in order to support graphene, since such substrates are reported to preserve the electronic structure of graphene even in the presence of metal clusters. 20 Graphene for transmission electron microscopy (TEM) observation was synthesized using the chemical vapor deposition method. 21 The graphene was then transferred to a Cu-based TEM grid.
Ti clusters were deposited on graphene using a vacuum deposition technique where the size of clusters is controlled by substrate temperature and deposition time. An aberration-corrected TEM (FEI, TITAN) was used for observing the Ti clusters on a graphene/TEM grid. The acceleration voltage was set to 60 kV.
Hydrogenation and dehydrogenation of graphene-supported Ti clusters was performed in an ultra-high vacuum chamber with a base pressure of 5 × 10 −11 mbar. Graphene for hydrogenation and dehydrogenation analysis was synthesized on SiC(0001) which was used for scanning tunneling microscopy (STM) observation in previous work. 7, [22] [23] [24] Before titanium deposition, graphene samples were annealed at 900K for several hours to remove adsorbents and to obtain a clean surface. This was done by direct current heating to ensure a homogeneous sample temperature. The high quality of the pristine graphene films was verified by atomically resolved STM images. 7, 24 Titanium was deposited on graphene at room temperature using a commercial electron-beam evaporator. The Ti-coverage was calibrated by STM imaging. The amount of depositied Ti for the samples discussed here was 0.84 monolayers (1 monolayer (ML) = 1.32 × 10 15 atoms/cm 2 ). 24 All temperatures were measured using a thermocouple mounted on the sample holder, directly in contact with the sample and additionally cross-calibrated with a pyrometer.
Hydrogenation of Ti clusters on graphene for thermal desorption spectroscopy (TDS) measurements was accomplished by exposing them to molecular deuterium for 5 minutes at a pressure of 1 × 10 −7 mbar at 95 K. Deuterium (D 2 , mass 4) was used instead of hydrogen (H 2 , mass 2) for a better signal-to-noise ratio in TDS. Deuterium is chemically identical to hydrogen; however, note that the desorption temperatures might be slightly shifted owing to the well known isotope effect. 25, 26 For the TDS measurements the samples were positioned in front of a mass spectrometer and heated at a constant rate of 10 K/s up to a temperature of approximately 1000 K, while recording the mass 4-channel of the mass spectrometer. The measured TDS signal was cross-calibrated by the read-out of the pressure gauge in the same vacuum chamber, using an ion gauge sensitivity factor of 0. 35. 27 First principle calculations employing the Grid based projector augmented wave method (GPAW) are implemented for electronic structure analysis of hydrogen and Ti clusters on graphene. 28 The exchange-correlation vdW-DF functional, namely PBE 29 functional corrected with DF correction within the Grimme-like 30 scheme is used in order to account for the van der Waals force between the Cu substrate and graphene, and physisorption of hydrogen. 31 Grid spacing is set to 0.20 Å with 0.1 eV of smearing and spin polarization calculations. Spin polarization calculation is applied for all calculations. (4×4×1) of special k points of the Brillouin zone sampling used within periodic boundary conditions and 15 Å of vaccum is applied to the z axis. 32 Bader charge analysis is implemented for calculating the electron transfers. 33, 34 The model system consists of a supercell of Cu (111)(2x2) employing the Basin-hopping algorithm, is implemented in order to find the ground state structures of Ti clusters on graphene/Cu(111). 35 Hydrogen adsorption/desorption energies (E ad ) are calculated as:
Here E[Sur] represents the energy of graphene-supported Ti clusters while E[H 2 ] is the energy of gas phase H 2 . Note that a positive sign indicates an exothermic reaction.
The binding energies (E b ) between graphene and Ti clusters are calculated as:
Cohesive energies(E co ) for supported Ti clusters are calculated as:
Here E[Sub] represents the energy of the graphene substrate, and n is the number of Ti atoms.
Results
A TEM image of Ti clusters on single-layer graphene on Cu is shown in Fig. 1(a) . The figure shows an atomically-resolved single layer graphene film on which four Ti clusters are indicated by white arrows, with two small Ti clusters being pointed at by the middle arrow. The size of each Ti cluster is found to be 1.37 nm, 0.27nm, 0.68 nm, and 1.0 nm, from left to right. The important observation here is that Ti is not distributed as individual atoms on the surface, as often assumed in theoretical investigations, 15, 16, [36] [37] [38] [39] [40] but due to a high cohesive energy 16, 37, 40 it forms clusters.
Note that nanometer-sized Ti clusters have previously also been observed on graphene on SiC. 7, 24 Based on the size of the Ti clusters in Fig. 1(a) , atomic models of Ti n (n = 1 − 5) clusters on graphene are constructed and optimized. The calculations suggest that Ti clusters grow with a trapezoidal shape which is found to have the lowest energy, as depicted in Fig. 1(b) . The size of a Ti 5 cluster is calculated to be 0.53 nm. The magnetic moment of graphene supported Ti n clusters (n = 1 − 5) is calculated to be 1.49µ B , 0.59µ B , 0.79µ B , 0.27µ B , and 0.13µ B , respectively, which is smaller than that of Ti clusters in the gas phase. 41 The binding energies between graphene/Cu and Ti clusters and the cohesive energies of supported Ti clusters are calculated and shown in Table Similar phenomena have also been reported for the case of graphene supported Pd clusters. 42, 43 Hydrogen desorption analysis of hydrogenated Ti clusters supported on graphene is investigated using thermal desorption spectroscopy (TDS). The resulting temperature-dependent desorption curve is shown in Fig. 2 . The TDS spectrum presents three hydrogen desorption peaks. In particular, major hydrogen release occurs at 420 K while there are two more hydrogen desorption peaks at 150K and 580K. In a control experiment, the sample was not exposed to a deuterium flux.
The resulting desorption curve did not show any desorption peaks.
The amount of desorbed (and therefore stored) deuterium can be estimated from these TDS data. Subtraction of the background and integration of the TDS curve gives the area under the Figure 2 : TDS spectrum of hydrogen desorption from Ti clusters supported on graphene. The reference curve was obtained from a sample which was not exposed to molecular deuterium. curve, F = 3.7 × 10 8 mbar · s. At a given pressure, the amount of desorbed gas equals the pumping speed of the vacuum system, here S = 375 l/s. This leads to the amount of desorbed deuterium pV = FS = nRT , with R = 8.314 J K −1 mol −1 the gas constant, resulting in n = 5.6 × 10 −10 mol = 3.4 × 10 14 desorbed D 2 molecules. This quantity can be used to evaluate the Gravimetric Density (GD) of the system, i.e., the ratio of loaded hydrogen mass over total system mass (from now on, we consider hydrogen and not deuterium). The general formula for GD can then be written as
with M n the mass of titanium (n = Ti), graphene (n = G), and hydrogen (n = H). Furthermore, by comparing the numbers of released hydrogen molecules and Ti surface atoms, it can be deduced that each Ti atom in average can bind 2.4 hydrogen molecules.
The approximate desorption energy barriers E d from the measured desorption temperatures T d
were then estimated. First-order desorption is assumed, based on the reported molecule-like dimer arrangement of hydrogen atoms on graphene, 23 and similar to what has been observed for hydrogen release from graphite 45 and Rh(110). 46 Defining τ m as the time from the start of the desorption ramp to the moment at which the desorption temperature T d is reached, τ m equals (T d − T s )/β with T s the temperature at the start of the ramp (here T s = 95 K) and β the heating rate (here β = 10 K/s). 47 with A the Arrhenius constant (typical value 10 13 s −1 ).
For hydrogen desorption from various materials. 23, 27 These multiple hydrogen release peaks address a controversial issue relating to the hydrogen adsorption sites. The location of such sites is often debated to be either on the graphene side or the metal side. 7, 8, [12] [13] [14] Calculations provide controversial predictions, suggesting that multi-bonding states between hydrogen and Ti clusters might be involved.
In order to reveal the details of the interaction between hydrogen and Ti clusters on graphene, hydrogen adsorption over Ti n (n = 1 − 5) clusters on graphene is simulated. Hydrogen adsorption at various adsorption sites is considered: on clean graphene, on graphene with a defect site, on graphene with a defect site which is filled by a Ti 1 cluster, and on Ti n (n = 1 − 5) clusters on graphene. Hydrogen adsorption is performed by adding molecular H 2 in a stepwise manner until the Ti n clusters are fully hydrogenated.
As shown in Fig. 3 , the hydrogen desorption energy on clean graphene is calculated to be 27 kJ/mol (or 0.28 eV/H 2 ), which indicates that hydrogen is adsorbed on graphene by physisorption.
On the other hand, hydrogen adsorption at the defect in graphene has a relatively high desorption energy of 313 kJ/mol. Here H 2 is dissociated and adsorbed as H atoms at the edge of the defect.
These cases represent the two different bond types, namely physisorption and chemisorption, that occur during hydrogen and graphene interaction, where physisorption is based on weak van der Waals forces between the H 2 molecule and graphene, while chemisorption is based on C-H chemical bonds that form after H 2 molecule dissociation. Conversely, the hydrogen desorption energy from a Ti 1 cluster occupying a defect site in graphene is significantly low at 3 kJ/mol. This could be attributed to the strong bond between Ti 1 and the defect site of graphene mediated by a charge transfer. Figures 2 and 3 , respectively. Thus, the link between experimental hydrogen desorption shown in Fig. 2 and three different types of bonding between hydrogen and Ti clusters based on first principle calculations shown in Fig. 3 is established.
In addition, the gravimetric density of hydrogen is evaluated where hydrogen storage capacity is estimated to be 5.1%, corresponding to 2.4 hydrogen molecules for each Ti atom, in line with previous studies of Ti functionalized graphene on SiC 24 and above the values obtained for nonfunctionalized graphene based materials in same conditions (∼1% at RT). 51 A rough estimation of the corresponding volumetric density leads to an optimal value ∼0.2 kg/l, which would allow interesting automotive applications. This however implies the capability of building 3D frameworks with controllable inter-layer spacing or porosity (a value of ∼ 1nm is assumed in the estimate).
Therefore, future developments of these studies for H-storage applications shall involve not only the optimization of the Ti clusters concentration and distribution, but also the chemical functionalization of the sheets aimed at building 3D frameworks with controlled structural properties.
Conclusions
In conclusion, the bonding mechanisms between hydrogen and graphene-supported Ti clusters are experimentally and theoretically investigated. Ti clusters are synthesized on graphene using vacuum deposition techniques. TEM confirms that nanometer-sized Ti clusters are formed on graphene. TDS shows that three hydrogen desorption peaks from hydrogenated Ti clusters occur. 
